1. Introduction {#sec1-materials-12-00387}
===============

At present, there is an international consensus about the necessity for a sustainable development, which makes researchers look for more environmentally friendly solutions, focused on both managing the natural resources more efficiently and reducing the carbon footprint \[[@B1-materials-12-00387],[@B2-materials-12-00387],[@B3-materials-12-00387],[@B4-materials-12-00387],[@B5-materials-12-00387],[@B6-materials-12-00387],[@B7-materials-12-00387]\].

Road pavements consist of various materials layers, which are generally referred to as surface, base course, and subbase, built over a compacted subgrade. There are two main types of pavement surfaces: Portland cement concrete and hot-mix asphalt, also called asphalt concrete \[[@B8-materials-12-00387]\]. Below the surface, the base and subbase layers provide structural support for the pavement system \[[@B9-materials-12-00387]\]. These layers may include either aggregate or treated base and subbase layers. The subgrade is generally a local aggregate material, but sometimes the top of the subgrade is stabilized with cement or lime.

In bases and subbases, various soils or granular materials are deployed, but they may have insufficient properties \[[@B10-materials-12-00387],[@B11-materials-12-00387],[@B12-materials-12-00387]\], such as low bearing capacity, which can cause pavement distresses and reduce pavement life \[[@B13-materials-12-00387],[@B14-materials-12-00387],[@B15-materials-12-00387],[@B16-materials-12-00387]\]. To improve the properties of base or subbase, some stabilization agents are usually added to the soils. The most widely employed additives are cement, bitumen and lime. Among these improved base and subbase materials, cement-treated materials (CTM) achieve quite a high stiffness and strength, providing a good performance to the pavement structure, maintaining for longer its serviceability and riding comfort. Moreover, cement-treated materials are said to distribute loads over a wider area and, hence, reduce the stress on the subgrade \[[@B6-materials-12-00387],[@B16-materials-12-00387],[@B17-materials-12-00387],[@B18-materials-12-00387]\].

One of the materials included in the cement-treated materials is soil--cement \[[@B14-materials-12-00387],[@B15-materials-12-00387],[@B16-materials-12-00387],[@B19-materials-12-00387],[@B20-materials-12-00387],[@B21-materials-12-00387],[@B22-materials-12-00387]\]. This technique can be produced in a manufacturing plant, where employed aggregates can totally or partially come from a recycling method \[[@B1-materials-12-00387],[@B2-materials-12-00387],[@B3-materials-12-00387],[@B23-materials-12-00387],[@B24-materials-12-00387],[@B25-materials-12-00387]\] or in situ, using devices similar to in the subgrade stabilization procedure \[[@B19-materials-12-00387],[@B20-materials-12-00387],[@B26-materials-12-00387]\], taking advantage of the engineering properties of the soil that is placed in or near the road.

In both cases, it is an environmentally friendly technique. Treating materials with cement allows a reduction in the over-exploitation of quarries, the use of landfills and greenhouse gas emission due to the lower necessity of aggregate crushing and transport.

With regard to the characteristics of soil--cement, as any layer treated with cement, they depend on multiple factors, such as the amount of added cement, the quantity and type of fine aggregate of the soil, the moisture content, the curing process and the age of the compacted material \[[@B3-materials-12-00387],[@B6-materials-12-00387],[@B15-materials-12-00387],[@B16-materials-12-00387],[@B17-materials-12-00387],[@B27-materials-12-00387],[@B28-materials-12-00387],[@B29-materials-12-00387]\].

The Unconfined Compressive Strength (UCS) test at short term is the most used test to verify that the soil--cement was manufactured correctly \[[@B30-materials-12-00387],[@B31-materials-12-00387],[@B32-materials-12-00387],[@B33-materials-12-00387],[@B34-materials-12-00387],[@B35-materials-12-00387]\]. On the other hand, a better characterization of the long-term performance is obtained by means of the Flexural Strength (FS) tests, and, more specifically, the four-point flexural beam test \[[@B17-materials-12-00387],[@B18-materials-12-00387],[@B36-materials-12-00387],[@B37-materials-12-00387],[@B38-materials-12-00387],[@B39-materials-12-00387]\].

To conduct the FS tests, prismatic samples are needed. However, manufacturing a prismatic specimen with an acceptable quality is not an easy task because it depends on the qualification and experience of the testing team \[[@B40-materials-12-00387],[@B41-materials-12-00387]\]. Consequently, long-term values are usually estimated from indirect tests, such as the Unconfined Compressive Strength (UCS) and the Indirect Tensile Strength (ITS), which are more standardized \[[@B16-materials-12-00387],[@B17-materials-12-00387],[@B20-materials-12-00387],[@B42-materials-12-00387],[@B43-materials-12-00387],[@B44-materials-12-00387]\].

Recent research shows that, apart from the values obtained in the indirect tests, other variables influence the FS values, e.g. the cement content, the density and the moisture content of the mixture \[[@B17-materials-12-00387]\].

The aim of this paper is to establish a relationship between the FS and the UCS at long term by means of multiple lineal regression models, verifying the adequacy of the results to existing formulae and, if necessary, proposing a new relationship that better fits the values. Simultaneously, a relationship between the FS at long term and the UCS in short term is suggested. Therefore, after carrying out the UCS test at seven days, which is employed for accepting, recalculating the entire pavement structure or rejecting the manufactured soil--cement, it is possible to know its performance at long term, i.e., simulating its performance under cyclic tensile loads, which are the main reason for failure in materials treated with cement \[[@B16-materials-12-00387],[@B17-materials-12-00387],[@B20-materials-12-00387],[@B45-materials-12-00387],[@B46-materials-12-00387]\].

The article is organized as follows. [Section 2](#sec2-materials-12-00387){ref-type="sec"} defines the employed materials in soil--cement and mix design. [Section 3](#sec3-materials-12-00387){ref-type="sec"} shows the experimental procedure. Obtained results are presented and discussed in [Section 4](#sec4-materials-12-00387){ref-type="sec"}. Finally, a summary and the conclusions are given in [Section 5](#sec5-materials-12-00387){ref-type="sec"}.

2. Materials and Mix Design {#sec2-materials-12-00387}
===========================

2.1. Materials {#sec2dot1-materials-12-00387}
--------------

The employed material was a soil from the north of Spain with a maximum aggregate size of 40 mm. [Figure 1](#materials-12-00387-f001){ref-type="fig"} shows the granulometry of the material, which is inside the range of the SC40 (soil--cement with a maximum aggregate size of 40 mm). According to the Spanish standards \[[@B32-materials-12-00387]\], this is used for soil--cement as a subbase material for any type of road.

Regarding the characteristics of the soil, it was not plastic \[[@B47-materials-12-00387]\], did not have organic material \[[@B48-materials-12-00387]\] of soluble sufate \[[@B49-materials-12-00387]\], the sand equivalent test gave a value of 20 \[[@B50-materials-12-00387]\] and it was classified as SP-SM following the Unified Soil Classification System (USCS) \[[@B51-materials-12-00387]\].

The cement used was CEM IV B/V 32.5 N \[[@B52-materials-12-00387]\]. It is a widely used cement type in roads for soil stabilization and soil--cement because it has a lower thermal shrinkage and maintains the workability of the soil--cement for a longer period due to the low quantity of clinker, high quantity of additives and moderate strength, mainly at short term \[[@B20-materials-12-00387]\]. [Table 1](#materials-12-00387-t001){ref-type="table"} shows the characteristics of this cement.

2.2. Mix Design {#sec2dot2-materials-12-00387}
---------------

The main parameters to characterize soil--cement are the maximum dry density and the optimum moisture content (both obtained by means of the Modified Proctor test), the amount of cement and the minimum compressive strength at seven days. As the densities obtained vary as a function of the soil type (and other variables), instead of establishing a minimum density for cement-treated materials, highway administrations require a percentage of the maximum dry density obtained with the Modified Proctor test. The determination of maximum dry density and optimum moisture content was conducted with cylindrical samples following the UNE 103-501-94 \[[@B53-materials-12-00387]\], whose prescriptions are very similar to the ASTM D1557-12 \[[@B54-materials-12-00387]\].

The amount of cement added to the mixture is what guarantees the minimum compressive strength at seven days, as indicated in [Table 2](#materials-12-00387-t002){ref-type="table"}.

For this analysis, a mix containing 3.5% cement was employed, which had a UCS at seven days of 2.67 MPa, a maximum dry density of 2.18 g/cm^3^, and an optimum moisture content of 7.0%, as it can be seen in [Figure 2](#materials-12-00387-f002){ref-type="fig"}.

3. Experimental Procedure {#sec3-materials-12-00387}
=========================

As previously stated, the manuscript aims to analyze the flexural strength performance of a soil--cement mix for long-term characterization (90 days), according to the results from some tests. The paper also aims to suggest a new relationship between the FS and the UCS at short term (seven days) since this value is used as a reference to accept soil--cement in fieldwork.

With this aim, prismatic samples were manufactured, which are required for the FS test, following the procedure described by Linares-Unamunzaga et al. \[[@B55-materials-12-00387]\], with its specific device ([Figure 3](#materials-12-00387-f003){ref-type="fig"}). This procedure can be repeated with the devices that are usually available in any soil laboratory. The mixture, with 3.5% cement and a 7% moisture content, was placed in three layers in the mold, with inside dimensions of 15 cm × 15 cm × 60 cm (Element 2 of [Figure 3](#materials-12-00387-f003){ref-type="fig"}). Each layer was compacted by placing five metal sheets (Element 7 of [Figure 3](#materials-12-00387-f003){ref-type="fig"}) over the metal stand (Elements 5 and 6 of [Figure 3](#materials-12-00387-f003){ref-type="fig"}) and vibrating it by means of a vibrating table of 40 Hz (Element 1 of [Figure 3](#materials-12-00387-f003){ref-type="fig"}) for 20 s.

Following this procedure, it was possible to achieve compaction densities not less than 98% of the maximum dry density obtained with the Modified Proctor as the Spanish regulations established \[[@B32-materials-12-00387]\].

Once the specimens were manufactured, they were placed in the curing room at 20 ± 2 °C and ≥95% RH (relative humidity) \[[@B56-materials-12-00387]\]. After 24 h, the metal prismatic mold (Element 2 of [Figure 3](#materials-12-00387-f003){ref-type="fig"}) was removed. However, the base of the mold (Element 3 of [Figure 3](#materials-12-00387-f003){ref-type="fig"}) was removed after seven days to guarantee a minimum resistance and to avoid breaking the sample as a consequence of operation.

At a curing age of 90 days, the four-point flexural beam test was conducted, since it is considered the best test to replicate the long-term performance of the cement-treated layers under traffic loads \[[@B18-materials-12-00387],[@B36-materials-12-00387],[@B39-materials-12-00387],[@B57-materials-12-00387],[@B58-materials-12-00387]\].

This test was conducted following the standard UNE-EN-12390-5 \[[@B59-materials-12-00387]\]. The rollers below the specimen were placed at a distance of 45 cm (three times the height of the specimen), and the rollers over the specimen at a distance of 15 cm (the height of the specimen). The applied load was transmitted by means of a plate between the specimen and the rollers over it. The standard allows a constant increasing tension in the range of 0.04--0.06 MPa/s. An increasing tension of 0.04 MPa was selected to avoid collapsing the sample, since the load was applied in the slowest way. The end of the test was programmed when a reduction of the strength of 5% was detected.

After the FS test, the specimen was divided in two prismatic parts. The UCS test was conducted over each of these parts, following the standard UNE-EN 13286-41 \[[@B60-materials-12-00387]\], with a load speed in the range interval of 0.1 ± 0.1 MPa/s \[[@B61-materials-12-00387]\]. In this case, to simulate the behavior of a cubic sample, an auxiliary metal sheet of 15 cm × 15 cm was placed between the lower side of the prismatic sample and the lower plate and another one with similar dimensions between the top side of the sample and the top plate. Hence, it was possible to obtain a uniform tensile distribution in a cube of 15 cm × 15 cm × 15 cm.

With the results from both tests, mathematical models were developed to correlate both long-term strengths (FS and UCS) and they were compared with the ones proposed by other authors \[[@B17-materials-12-00387],[@B20-materials-12-00387],[@B42-materials-12-00387],[@B44-materials-12-00387]\].

Firstly, a simple linear regression model was tested.

-   Model 1. UCS is the independent variable and the FS is the dependent variable. Model 1 has two versions: an "a" version, without an intercept, and a "b" version with an intercept.

Another important value that is found in the regulations is the density, which was also considered in the models, giving an answer to the demands of the scientific community \[[@B16-materials-12-00387]\]. Particularly, in the Spanish case, the density must not be below 98% of the maximum density obtained with the Modified Proctor procedure \[[@B32-materials-12-00387]\]. Considering the low variability range of the required density in the road agencies, i.e., from 95% to 100% of the maximum dry density obtained in the Modified Proctor procedure \[[@B30-materials-12-00387],[@B31-materials-12-00387],[@B32-materials-12-00387],[@B33-materials-12-00387],[@B34-materials-12-00387]\], different multiple regression models were tried. In all of them, the "a" version does not consider the intercept but the "b" version does.

-   Model 2. It includes a new independent variable that represents the percentage of the difference between the compaction density of the sample and the maximum dry density value.

-   Model 3. It includes a dummy variable as an independent variable, which has a value of 1 if the obtained density is greater than or equal to the maximum dry density of the Modified Proctor and has a value of 0 if the density is less than the maximum dry density.

-   Model 4. It includes two dummy variables as independent variables. The first one has a value of 0 if the obtained density is less than or equal to the maximum dry density minus 1% and 1 if the density is over this value. The second dummy variable has a value of 0 if the density is less than or equal to the maximum density plus 1% and 1 if the density is over that value.

-   Model 5. It includes two dummy variables as independent variables. The first one has a value of 0 if the obtained density is less than or equal to the maximum dry density minus 1% and 1 if the density is greater than this value. The second dummy variable has a value of 0 if the density is less than or equal to the maximum density and 1 if the density is greater than that value.

Finally, three different models were tested by means of the Cobb--Douglas production function. This function allows obtaining simple models that can verify the lineal condition, inherent to the lineal regression models, but it requires a previous transformation using logarithms.

Model 6. It only uses the FS and UCS variablesModel 7. It includes a new independent variable, which is the difference between the obtained density and the maximum density from the Modified Proctor test, in percentage.Model 8. It includes a dummy independent variable, with a value of 1 when the compaction density is greater than or equal to 100% of the Proctor Modified density and 0 when it is less than the Proctor Modified density. when linear regression models are used, it is necessary to consider some assumptions \[[@B62-materials-12-00387]\]:Linearity of the relationship between the dependent variable and the independent variables. This can be checked by the analysis of variance (ANOVA) analysis.Homoscedasticity. This implies that the variance of error term is constant across all values of the independent variables. This is verified by means of a plot of the standardized residuals obtained against the predicted standardized residuals and observing that there is no pattern on it.Normality. This means that the error is normally distributed, which can be verified by the Kolmogorov--Smirnov test.Each observation is drawn independently from the population, implying that errors are independent from each other. This is checked with the Durbin--Watson test.

In the case of multivariate models, the selection of the best model was carried out from a ranking process with the following criteria:Verifying the signs of the variables.Testing the significance of the variables by means of the t-Student test.Analyzing the dummy variables, guaranteeing the non-linearity if various ones are introduced at the same time.Other criteria, such as the variables employed by each model and the regression coefficient R^2^.

Finally, for validating the soil--cement, it is compulsory to achieve a minimum UCS value at seven days. This value is usually obtained from testing cylindrical specimens and, therefore, it can be useful to establish the increasing evolution of the UCS value over time. This way, it would be possible to estimate the flexural strength at long term from the compressive strength test at short time. Hence, when manufacturing soil--cement, it would be possible to establish corrective measures if the obtained FS is not the expected one. With this aim, ten batches were produced and from each batch the following samples were manufactured:A prismatic sample with dimension 15 cm × 15 cm × 60 cm, following the same procedure explained for the previous prismatic samples. The only difference was that a flexible plastic film was placed perpendicular to the length of the mold to manufacture two separated prismatic samples to be tested at 7 and 90 days, respectively.Three cylindrical samples with dimension ∅15 × 18 compacted in three layers were tested at 7, 28 and 90 days, respectively.

This way, it was possible to correlate the UCS of the cylindrical specimens with the UCS of the prismatic samples at 90 days since the first ones were used to validate the manufacturing of the soil--cement at seven days and the second ones were employed for the calculation of the FS by the four-point flexural beam test.

4. Results and Discussion {#sec4-materials-12-00387}
=========================

4.1. Flexural Strength Test {#sec4dot1-materials-12-00387}
---------------------------

The flexural strength (FS) was determined by the four-point flexural beam test \[[@B59-materials-12-00387],[@B63-materials-12-00387]\] ([Figure 4](#materials-12-00387-f004){ref-type="fig"}a). By means of this test, the samples were broken in a central section of 15 cm × 15 cm × 15 cm, where the bending moment was considered to be constant. Hence, the failure was verified to be produced by exceeding the tensile strength of the weakest section in the lower side of the specimen ([Figure 4](#materials-12-00387-f004){ref-type="fig"}b).

In total, 63 FS tests were performed. It must be pointed out that the dimensions of the used samples, the weight of the mold and the compaction density made the operations difficult with the samples, since each one weighted around 54 kg. This value was reduced to 30 kg when the test was carried out due to the removal of the mold and the moisture lost during the curing time. Nevertheless, these dimensions of the specimens were necessary for the selected maximum aggregate size (40 mm) to fulfill the requirements of the Spanish regulations \[[@B32-materials-12-00387]\] for manufacturing soil--cement.

According to the statistical analysis of the results of the four-point flexural beam test, the specimens had an average flexural strength of 0.86 MPa, with a standard deviation of 0.10 MPa. The median was 0.87 MPa with an interquartile range of 0.12 MPa. The difference between the maximum and the minimum value was 0.385 MPa. The skewness and kurtosis coefficients showed a negative skew (to the left) and platykurtic distribution \[[@B64-materials-12-00387],[@B65-materials-12-00387]\].

4.2. Unconfined Compressive Strength Test {#sec4dot2-materials-12-00387}
-----------------------------------------

After the FS test, the specimen was divided into two prismatic parts whose breaking sides were defined by the generated cracking. The UCS test was conducted over each of these parts, following the standard UNE-EN 13286-41 \[[@B60-materials-12-00387]\]. To simulate the behavior of a cubic sample, two auxiliary metal sheets of 15 cm × 15 cm were placed between the lower side of the prismatic sample and the lower plate and between the top side of the sample and the top plate. Hence, it was possible to obtain a uniform tensile distribution in a cube of 15 cm × 15 cm × 15 cm, guaranteeing that the breaking occurred in that cube ([Figure 5](#materials-12-00387-f005){ref-type="fig"}b). The test was programmed to finish when a 5% strength reduction was detected, avoiding the total failure of the sample.

According to the statistical analysis of the results from the UCS test, the specimens had an average UCS of 4.64 MPa, with a standard deviation of 0.69 MPa. The median was 4.70 MPa and the interquartile range was 0.87 MPa. The difference between the maximum and the minimum value was 3.425 MPa. The skewness and kurtosis coefficients show a negative skew (to the left) and a mesokurtic distribution \[[@B64-materials-12-00387],[@B65-materials-12-00387]\].

4.3. Flexural--Compressive Strength Relationship Models {#sec4dot3-materials-12-00387}
-------------------------------------------------------

The advantage of conducting the UCS tests over the parts resulting from the FS tests was that, despite the heterogeneity of the material, the results could be compared, making it possible to correlate obtained results. A total of 125 observations were employed in this study (one part of a prismatic sample was accidentally broken).

The eight proposed models in [Section 3](#sec3-materials-12-00387){ref-type="sec"} were tested with the obtained values. Only the models that provided the best results are commented on below.

The analysis of the simple linear regression for the values of UCS and FS at long term (Models 1a and 1b) is shown in [Table 3](#materials-12-00387-t003){ref-type="table"}.

According to the results in [Table 3](#materials-12-00387-t003){ref-type="table"}, and taking into account the *p*-values for the slope in both cases, it can be stated that there is a positive linear correlation between the variables UCS and FS. The *p*-value of the Kolmogorov--Smirnov test indicates that the residuals have a normal distribution with a significance level of 95% in both cases. The plot of the residuals vs. the predicted residuals confirms the homoscedasticity of the models. The independence of the observations is not assured by the Durbin--Watson statistic, but the plot of the residuals does not show any pattern. Therefore, both models could be used to represent the relationship between the UCS and the FS.

However, Model 1b has a better R^2^ and a lower estimated standard error. Moreover, the intercept is significant (*p*-value \< 0.0001) \[[@B64-materials-12-00387],[@B65-materials-12-00387]\].

Consequently, the relationship between the UCS and FS in the long term can be modeled from Model 1b by means of Equation (1) ([Figure 6](#materials-12-00387-f006){ref-type="fig"}). $${FS} = 0.1131 \times {UCS} + 0.3261$$

Considering the density an independent variable in the relationship, from the originally proposed models, the ones that give a better result are Models 3a and 3b ([Table 4](#materials-12-00387-t004){ref-type="table"}).

As observed in [Table 4](#materials-12-00387-t004){ref-type="table"}, both models confirm the linearity of the proposed model with a significance level over 90%. The dummy variable in both models has a value of 1 if the density is over or equal to the maximum dry density obtained in the Modified Proctor test and 0 when it is lower than this value.

Both models show a similar fitted R^2^. However, the mean standard error is lower in Model 3b and, as the intercept is significant, it should not be omitted \[[@B64-materials-12-00387],[@B65-materials-12-00387]\]. Additionally, the dummy variable is more significant in Model 3b.

Therefore, the relationship between UCS and FS, considering the compaction density percentage, could be expressed, using the Model 3b, by Equation (2):$${FS} = 0.1124 \times {UCS} + 0.0319 \times {{Dummy}~} + 0.3230$$

When the relationship is determined following the production function of Cobb--Douglas, after the statistical analysis, the models with better results are Models 6b and 8b, which were obtained by applying natural logarithms. Their results from the statistical analysis are presented in [Table 5](#materials-12-00387-t005){ref-type="table"}.

As observed in [Table 5](#materials-12-00387-t005){ref-type="table"}, apart from the coefficient value for the dummy variable, the other coefficients have similar values and they are all significant (*p*-value \< 0,0001). However, the *p*-value of the dummy variable in Model 6b is around 0.10, which means that it only has a 90% significance. Therefore, Equation (3) can be employed to model the relationship between the UCS and the FS considering the compaction density obtained by means of the product function of Cobb--Douglas from Model 6b. $${FS} = e^{- 1.05} \times {UCS}^{0.58}$$

From the three selected models presented in Equations (1)--(3), and according to the number of used variables and the value of R^2^ (fitted R^2^ in the case of the multiple regression), it is recommended to estimate the FS at long term after the following priority order: $${FS} = 0.3230 + 0.1124 \times {UCS} + 0.0319 \times {Dummy}$$ $${FS} = e^{- 1.05} \times {UCS}^{0.58}$$ $${FS} = 0.3261 + 0.1131 \times {UCS}$$

The problem with Equations (1)--(3) is that they do not fulfill the basic assumption that, if a sample has no UCS, it will have no FS as well. Hence, it is necessary to establish the minimum UCS value from which Equations (1)--(3) are valid. To gather all the possible cases of UCS, this value should not be below the minimum UCS at seven days required by the different regulations \[[@B30-materials-12-00387],[@B31-materials-12-00387],[@B32-materials-12-00387],[@B33-materials-12-00387],[@B34-materials-12-00387]\]. Therefore, Equations (1)--(3) can be applied if the UCS is over 1.5 MPa.

4.4. Comparison with Other Proposed Models {#sec4dot4-materials-12-00387}
------------------------------------------

There are some relationships to correlate UCS and FS at long term in the literature ([Table 6](#materials-12-00387-t006){ref-type="table"}).

Among them, the formulae proposed by Kersten \[[@B44-materials-12-00387]\], IECA-CEDEX \[[@B20-materials-12-00387]\] and Lim and Zollinger \[[@B42-materials-12-00387]\] have the form of Equation (10). $${FS} = a \times {UCS}$$ where "a" is an experimental parameter that has a value of 0.2 \[[@B44-materials-12-00387]\] or between 0.2 and 0.25 \[[@B20-materials-12-00387],[@B42-materials-12-00387]\]. For the average value of UCS of this study, 4.64 MPa, and applying Equation (10) and depending on the value of the "a" coefficient, the FS values will be over the average value (0.86 MPa vs. a range between 0.93 and 1.16 MPa). Employed soil--cement gives a value of 0.16 for the "a" coefficient, below the minimum value indicated by these authors.

Ismail et al. \[[@B17-materials-12-00387]\] proposed some recent equations, which suggest various multivariate relationships. From them, Equations (6) and (7) can be compared with the data from this study, where UCS is the unconfined compressive strength (MPa), FS is the flexural strength (MPa) and t is the curing time (days). If UCS is calculated by Equations (6) and (7), supposing an average value of 0.86 MPa for FS and a curing time of 90 days, UCS values of 2.84 and 3.59 MPa are obtained, respectively. These values are below the 4.64 MPa obtained result.

4.5. Relationship Between UCS at Short and Long Term {#sec4dot5-materials-12-00387}
----------------------------------------------------

To establish the relationship between the short- and long-term UCS of this material, values obtained with the cylindrical samples at seven days were correlated with the results obtained for the prismatic sample tested at 90 days for the 10 manufactured batches.

The cylindrical samples obtained an average UCS value of 2.67 MPa with a standard deviation of 0.24 MPa. The prismatic samples obtained an average UCS value of 4.98 MPa with a standard deviation of 0.21 MPa

The cylindrical samples showed approximately the same average UCS value that was employed for the mix design, whereas the prismatic samples obtained an average UCS value higher (7%) than the values obtained with the analysis of the UCS--FS relationship. This variability was due to the number of samples.

The relationship between both UCS values can be obtained with a simple regression model, as shown in [Figure 7](#materials-12-00387-f007){ref-type="fig"}.

The statistical analysis of the variables of the regression indicates that the linearity of the model is assured, since the *p*-value of the slope is below 0.05 and the intercept is significant with a 95% of confidence. The residuals follow a normal distribution, as the Kolmogorov--Smirnov test gives a value greater than 0.05 (0.8011). The plot of the residuals vs. predicted values confirm the homoscedasticity. The independence of the observations is assured by the Durbin--Watson statistic. Therefore, the regression model can be verified, correlating the relationship between the UCS at seven days (UCS~7~) and the UCS at long term (UCS~90~) through Equation (11). $${UCS}_{90} = 0.7631 \times {UCS}_{7}~ + ~2.9411$$

As in Equations (1)--(3), it is necessary to indicate the minimum threshold from which it is possible to state that the Equation (11) is valid. The same criteria established for Equations (1)--(3) are adopted for Equation (11), and, hence, the minimum UCS value at seven days must be 1.5 MPa.

For determining the evolution of the UCS with time, it is usual to employ the formula suggested by Lim and Zollinger \[[@B42-materials-12-00387]\] (Equation (8)), where UCS~t~ is the UCS value (in MPa) at any curing time t (in days) and UCS~28~ is the UCS at 28 days (MPa). However, Equation (8) uses the reference value of UCS at 28 days instead of UCS at seven days.

Linares \[[@B66-materials-12-00387]\] suggested a relationship between UCS~7~ and UCS~28~ as given by Equation (9). Hence, with an average value of 2.67 MPa for UCS~7~, by Equation (9), an average value of 3.89 MPa would be obtained for UCS~28~. Substituting this value in Equation (8), a value of 4.20 MPa will be obtained for UCS at 90 days. This value is below the obtained average value but is in the range of the average value ± standard deviation (4.64 ± 0.69 MPa).

5. Summary and Conclusions {#sec5-materials-12-00387}
==========================

Soil--cement manufactured in situ is a sustainable road construction technique that adds cement and water to the soil placed on or near the road to improve its characteristics, achieving a more resistant material. A higher proportion of cement would give greater resistances at long term but would increase the probability of cracking failure. Therefore, the amount of cement is usually limited to the one that guarantees the minimum value of the UCS at seven days.

This research was carried out for a soil with a maximum aggregate size of 40 mm, without organic materials and soluble sulfate. Added to it was 3.5% cement and 7% moisture content. With these values, a maximum dry density of 2.18 g/cm^3^ was obtained and UCS at seven days was 2.67 MPa.

It was demonstrated that both the UCS and density are variables that can be deployed to estimate the FS at long term. Introducing the density as a variable is a demand of the scientific community.

For establishing these correlations, 63 prismatic samples of 15 cm × 15 cm × 60 cm were manufactured and were tested in the four-point beam test for determining the FS. The two resulting prismatic parts were tested to determine their UCS, with a total of 125 samples.

From the results, the following conclusions can be obtained:

The models that best predict the Flexural Strength are:A linear multiple regression models, in which the dependent variable, FS at long term, is estimated from the UCS at long term and a dummy variable that depends on the compaction density (Model 3b).A model based on the Cobb--Douglas production function, where FS is the dependent variable and UCS at long term is the independent variable (Model 6b)A simple linear regression model where the FS is the dependent variable and UCS at long term is the independent variable (Model 1b)

Moreover, a relationship was determined between the UCS at seven days over cylindrical samples, employed to certify the quality of the soil--cement in situ, and the UCS at 90 days, by means of a simple linear regression. As this last model does not use the density as a variable, it is recommended to firstly use the Cobb--Douglas model and the simple linear regression for estimating the FS at long term from the UCS at seven days. However, for long-term analysis, where a more precise estimation is required, it is recommended to employ the multivariate linear regression model.

Obtained results validate the proposed models and, hence, the value of the FS at long term can be estimated from the values of the UCS at seven days, allowing applying correcting measures at early stages, if needed, such as recalculating the pavement structure with the real strength or rejecting it.

In all cases, the proposed models have an intercept, thus they can be used if the UCS value is greater than 1.5 MPa.

Although soil--cement has been widely used since the 1990s, the comparison of the proposed equations with other proposed ones confirms the necessity of following the advance of the knowledge in the characterization of soil--cement.
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materials-12-00387-t001_Table 1

###### 

Cement properties.

  Main Standardized Component          Value     Cement Standardized Specifications   Value
  ------------------------------------ --------- ------------------------------------ ---------------------
  Clinker (K)                          45--64%   Sulfate                              ≤3.5%
  Silica fumes (D) ^1^                 \-        Initial setting time                 ≥75 min
  Natural pozzolana (P) ^1^            \-        Final setting time                   ≤720 min
  Calcined natural pozzolans (Q) ^1^   \-        Expansion                            ≤10 mm
  Siliceous fly ash (V) ^1^            36--55%   UCS at 7 days                        ≥16 MPa
  Calcareous fly ash (W) ^1^           \-        UCS at 28 days                       32.5 ≤ R ≤ 52.5 MPa
  Minority components                  0--5%     Puzzolanicity                        8 to 15 days
  Chlorides                            ≤0.10%    \-                                   \-

^1^ The sum of (D), (P), (Q), (V) and (W) for Cements CEM IV must be 36--55%.

materials-12-00387-t002_Table 2

###### 

Requirements specified in various countries for the unconfined compressive strength (UCS) of soil--cement.

  Country                                        UCS at 7 Days (MPa)
  ---------------------------------------------- ---------------------
  Spain \[[@B32-materials-12-00387]\]            2.5/2.1 ^1^
  United Kingdom \[[@B30-materials-12-00387]\]   CBM1: 2.5--4.5
  Australia \[[@B35-materials-12-00387]\]        ≤3
  New Zealand \[[@B31-materials-12-00387]\]      ≤3
  South Africa \[[@B34-materials-12-00387]\]     C2: 2--4
  China \[[@B33-materials-12-00387]\]            3--5

^1^ For cements with a large amount of additions.

materials-12-00387-t003_Table 3

###### 

Analysis of the simple linear regression with and without the intercept.

  ---------------------------------------------------------------------------------
  Analyzed item              Model 1a Without Intercept   Model 1b With Intercept
  -------------------------- ---------------------------- -------------------------
  Slope                      0.1854\                      0.1131\
                             (*p*-value \< 0.0001)        (*p*-value \< 0.0001)

  Intercept                  \-                           0.3261\
                                                          (*p*-value \< 0.0001)

  R^2^                       0.3965                       0.6953

  Estimated standard error   0.1031                       0.0735

  Mean error                 0.0809                       0.0538

  *p*-value\                 0.4857                       0.0822
  (Kolmogorov--Smirnov)                                   

  Durbin--Watson             0.9916                       1.3736\
                                                          (*p*-value = 0.0002)
  ---------------------------------------------------------------------------------

materials-12-00387-t004_Table 4

###### 

Statistical analysis for the multiple regression models.

  ----------------------------------------------------------------------------
  Analysed item         Model 3a Without Intercept   Model 3b With Intercept
  --------------------- ---------------------------- -------------------------
  Intercept             \-                           0.3230\
                                                     (*p*-value \< 0.0001)

  UCS                   0.1836\                      0.1124\
                        (*p*-value \< 0.0001)        (*p*-value \< 0.0001)

  Dummy                 0.0417\                      0.0319\
                        (*p*-value = 0.0748)         (*p*-value = 0.0564)

  R^2^ fitted           0.6990                       0.6995

  Standard Error        0.1022                       0.0728

  F *p*-value (ANOVA)   \<0.0001                     \<0.0001
  ----------------------------------------------------------------------------

materials-12-00387-t005_Table 5

###### 

Statistical analysis for the Cobb--Douglas models.

  -------------------------------------------------------------------------
  Analysed item         Model 6b With Intercept   Model 8b With Intercept
  --------------------- ------------------------- -------------------------
  Intercept             −1.0521\                  −1.0533\
                        (*p*-value \< 0.0001)     (*p*-value \< 0.0001)

  UCS                   0.5808\                   0.5770\
                        (*p*-value \< 0.0001)     (*p*-value \< 0.0001)

  Dummy                 \-                        0.0348\
                                                  (*p*-value = 0.0974)

  R^2^ fitted           0.7263                    0.7302

  Standard Error        0.0923                    0.0916

  F *p*-value (ANOVA)   \<0.0001                  \<0.0001
  -------------------------------------------------------------------------

materials-12-00387-t006_Table 6

###### 

FS and UCS values compared with other authors' formulae.

  Author                                            Equation                                   Introduced Value             Estimated Value
  ------------------------------------------------- ------------------------------------------ ---------------------------- --------------------
  Kersten \[[@B44-materials-12-00387]\]             FS = 0.2 × UCS (4)                         UCS = 4.64 MPa               FS = 0.93 MPa
  IECA-CEDEX \[[@B20-materials-12-00387]\]          FS = 0.2 × UCS (4)                         UCS = 4.64 MPa               FS = 0.93 MPa
  FS = 0.25 × UCS (5)                               FS = 1.16 MPa                                                           
  Lim and Zollinger \[[@B42-materials-12-00387]\]   FS = 0.2 × UCS (4)                         UCS = 4.64 MPa               FS = 0.93 MPa
  FS = 0.25 × UCS (5)                               FS = 1.16 MPa                                                           
  Ismail, et al \[[@B17-materials-12-00387]\]       USC = 1.475 × e^0.763·FS^ (6)              FS = 0.86 MPa, t = 90 days   USC = 2.84 MPa
  USC = 2.493 × FS^0.826^ × t^0.109^ (7)            USC = 3.59 MPa                                                          
  Lim and Zollinger \[[@B42-materials-12-00387]\]   UCS~t~ = UCS~28~ × t/(2.5 + 0.9 × t) (8)   UCS~28~ = 3.89 MPa           UCS~90~ = 4.20 MPa
  Linares \[[@B66-materials-12-00387]\]             UCS~28~ = 0.6947 × UCS~7~ + 2.0354 (9)     UCS~7~ = 2.67 MPa            UCS~28~ = 3.89 MPa
